LIST OF ABBREVIATIONS
and which is involved in the mechanism of oxygen detoxification in anaerobic and microaerophilic microorganisms (1, 2) . The enzymes from the sulfate-reducing bacterium
Desulfovibrio desulfuricans (Dfx) and that from the archae Pyrococcus furiosus (Nlr) have been structurally characterized (3, 4) . Their active site comprises in the reduced state an atypical [Fe 2+ (N-His) 4 (S-Cys)] site. The penta-coordinated Fe 2+ ion is in a square pyramidal environment constituted by four equatorial histidine and an apical cysteinate ligands. It therefore possesses a vacant axial coordination site available to bind superoxide. In the oxidized state, this site is occupied by a glutamate residue which binds as a sixth ligand (4, 5) .
The D. desulfuricans, Desulfovibrio baarsii and Desulfovibrio vulgaris enzymes possess an additional iron site (center I, as opposed to the active site called center II) which consists of a mononuclear Fe 3+ ion coordinated by four cysteinate residues in a distorted rubredoxin-type environment and is separated by ca 20 Å from center II (3) . This center I is absent in the SORs from P. furiosus and Treponema pallidum and its biological role is still unknown (2, 4, 6) .
Spectroscopic techniques (EPR, MCD, EXAFS) have been used extensively to
characterize the SOR iron centers (7) . In particular, the oxidized centers I and II have been widely studied by EPR spectroscopy. Oxidized centers II possess similar UV-visible and redox properties. Nevertheless, their EPR properties differ. Indeed, the enzymes which possess a center I (eg SOR from D. desulfuricans) exhibit a rhombic EPR signal (8) while this EPR signal is axial in the enzymes which lack center I (eg SOR from T. pallidum or P.
furiosus) (7) . Mössbauer spectroscopy was also used to characterize the as-isolated and oxidized SOR from D. desulfuricans (8, 9) . Indeed, Mössbauer parameters (isomer shifts and quadrupole splittings) have been determined for oxidized center I and center II (high-spin Fe 3+ ions), and reduced center II (high-spin Fe 2+ ion).
The reaction of the SORs from different origins with superoxide has been studied by pulse radiolysis methods (10) (11) (12) (13) (14) . It is now generally assumed that the reaction of O 2 -° with the Fe 2+ ion of reduced center II proceeds through an inner-sphere mechanism. The first step of the reaction is an extremely fast bi-molecular reaction of SOR with superoxide in a nearly Models Used and Choice of Geometries. Figure 1 shows the models used in this study : (( Figure 1) (Table S6 ). In such a model, the z axis has been set along the Fe-S(Cys) bond. The x axis is then roughly defined along 
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 with {i,j}={x,y,z}, the spin-orbit coupling constant = 404 cm -1 and S=5/2 for the d 5 Fe 3+
ion. The labels "" and "" stand for the five filled majority and the five empty minority spins of the high-spin Fe 3+ ion, respectively. |o> stands for an occupied molecular orbital whereas |n> represents an empty one. The E n -E 0 energy gaps, when promoting an electron from and to mainly Fe molecular orbitals (as would usually be the case for a Fe 2+ ion-containing complex within the minority spin set of orbitals) can be computed as Slater transition state energies ascribing half an electron to both |o> and |n>. The difference in the corresponding half-occupied molecular orbital energies is then taken as a good estimate of the total energy difference E n -E o between the two electronic structures (o) 1 (n) 0 and (o) 0 (n) 1 . We will show below how this point is relevant for the oxidized (ie Fe 3+ ) models 2 and 3.
The ZFS tensor [D] is obtained from Equation 4
by replacing  with - 2 . The D and E ZFS parameters are then defined by : 
RESULTS AND ANALYSIS
The oxidation of E47A SOR from D. baarsii by K 2 IrCl 6 or H 2 O 2 is almost complete (see below) but a few percent of the unreacted enzyme containing reduced center II (Fe 2+ ) was still present (Scheme 2).
((Scheme 2)) Therefore, we decided to characterize the reduced center II both in the as-isolated and in the dithionite-reduced enzymes. Indeed, the spin-Hamiltonian parameters of reduced center II in SOR were extracted more easily in the latter case as detailed below. The data were simultaneously fitted within the spin-Hamiltonian formalism. Oxidized center I is characterized in EPR spectroscopy by resonances at g eff = 7.7, 5.7, 4.1 and 1.8 (6, 12, 16) , which correspond to D > 0 and E/D ~ 0.08. These data are close to those obtained for the oxidized desulforedoxin from Desulfovibrio gigas (38) . Indeed, oxidized center I has a distorted tetrahedral sulfur coordination very similar to that found in the desulforedoxin from D. gigas (39) . The magnetic contribution of oxidized center I (Fe 3+ ) was estimated by fixing the D value in the fitting procedure to the value (D = 2.2 cm -1 ) determined for the oxidized desulforedoxin from D. gigas (38) . The best fit of the molar magnetization (solid line in (( Table 1 Table 1 . Moreover, the spectrum of the dithionitereduced enzyme was measured at 200 K in a parallel field of 7.0 T, and the reversed patterns of triplet and doublet structures show that E Q is positive and that  is less than 0.5 for both reduced sites ( Figure S1 , B) (38, 40) . Mössbauer spectra of the dithionite-reduced enzyme
As-isolated and
were also recorded at 4.2 K in variable fields ( Figure S2 ). The Mössbauer data were fitted simultaneously within the spin-Hamiltonian formalism using the set of parameters shown in Table 1 . In the fitting procedure, the ZFS parameters for reduced center I were fixed to the values published for reduced desulforedoxin from D. gigas (38) . (16). This control measurement clearly shows that the Mössbauer cell contains the peroxo-iron species under study. An aliquot of the Mössbauer sample was also studied in X-band EPR spectroscopy at 4.2 K and shows a large derivative signal at g = 4.3, which is characteristic of a high-spin Fe 3+ ion in a rhombic ligand field (data not shown) and is not due to oxidized center I (see above). Mössbauer spectra of the sample recorded in several magnetic fields applied perpendicular to the -rays, which allows a better separation of center I and oxidized center II contributions, are shown in Figure   5 :
Oxidation
(( Figure 5 ))
The solid lines correspond to the best fit obtained with the parameters reported in Table 1 . Fe 3+ ion from center I contributes for 52 ± 2 % of the total spectra and its contribution ((a) in Figure 5 ) was simulated with the Mössbauer and spin-Hamiltonian obtained for center I in the as-isolated enzyme (Table 1 ). 45 ± 2 % of the experimental spectra is accounted for by a second component with a large magnetic splitting ((b) in Figure 5 ) and which differ from the one observed in the spectra of the K 2 IrCl 6 -oxidized enzyme (see above).
It can be assigned to a high-spin Fe 3+ site whose parameters are reported in Table 1 . We assign this Fe 3+ ion site to the peroxo-iron species. The associated contributions in Figure 5 were fitted by allowing some anisotropy of the (5)). It must be noticed that the Mössbauer parameters of the peroxo-iron species are typical for high-spin Fe 3+ complexes and therefore are not unique for the peroxo complex. Finally, a minor contribution ((c) in Figure 5 ) is also discerned (3 ± 1 %) that corresponds to reduced center II of SOR E47A ( /Fe = 1.06 (2) mm/s and  Q = 2.82 (2) mm/s) and that has been simulated with the parameters of Table 1 . It must be noted that this complex is remarkably stable in the E47A mutant since it is still present almost quantitatively within 5 seconds (90 ± 4 % of center II is in the peroxo-iron form). Obviously, the SOR active site differs from these model compounds by the presence of an axial thiolate ligand. This ligand is expected to lower the isomer shift by covalency effects.
Evaluation of the Mössbauer and Spin-Hamiltonian Parameters for a
However, to the best of our knowledge no high-spin (Figure 1 and Table S8 ).
Let us start by some general considerations concerning the electronic structures computed for both models 2 and 3, for which a description of the electronic structures is available in Figure   6 (the spectroscopic parameters - Table 2 : (( Table 2) Table 3 :
(( Table 3 ))
The electron densities at the 57 Fe nuclei were plotted vs the experimental isomer shifts, and the resulting graph was subjected to a very satisfactory linear regression analysis, as shown in The parameters obtained in this work for the peroxo-iron species in E47A SOR from D. baarsii are consistent with a high-spin ground state S = 5/2. In addition, it appears that both the isomer shift and the asymmetry parameter values of the peroxo species are higher than those determined for the center II oxidized with K 2 IrCl 6 ( Table 1 ). This observation is in agreement with the presence of the peroxo ligand. However, the value of the isomer shift 
CONCLUSION
The E47A mutation in SOR from D. baarsii allows the stabilization of a peroxo-iron species in the second time scale when reacted with H 2 O 2 . We were able to prepare a sample of this peroxo species by manual freezing in liquid nitrogen and to study it by spectroscopic methods. All the experimental and theoretical evidences presented here show that this peroxo complex is a high-spin side-on peroxo-Fe 3+ species and clearly rule out a hydroperoxo-Fe (Tables S6-S9 Table 3 . Mononuclear iron complexes and biomolecules (column 1) used for establishing the linear correlation between calculated theoretical electron densities at the iron nucleus (column 3) and experimentally measured isomer shifts (column 4). and z 2 orbitals, respectively. The meaning of "HOMO" and "LUMO" is restricted here within the minority spin orbitals Figure 7 . Calibration of the «VBP» method for prediction of 57 Fe isomer shifts. The calculated electron density at the iron nucleus is plotted vs the experimentally determined isomer shifts for a series of mononuclear iron complexes and biomolecules (see Table 1 for details 
